Summary: Brain metastases are the most common intracranial tumor in adults. The incidence of metastases is thought to be rising due to better detection and treatment of systemic malignancy. More widespread use and improved quality of MRI may lead to early detection of brain metastases. Available evidence suggests that survival is longer and quality of life improved if brain metastases are treated aggressively. This article reviews current therapeutic management used for brain metastases. To select the appropriate therapy, the physician must consider the extent of the systemic disease, primary histology, and patient age and performance status, as well as the number, size, and location of the brain metastases. Available treatment options include whole-brain radiotherapy (WBRT), stereotactic radiosurgery (SRS), surgery, and chemotherapy. Multidisciplinary approaches such as the combination of WBRT with SRS or surgery have shown superior results in terms of survival time, neurocognitive function, and quality of life. The utility and optimal use of chemotherapy and radiosensitizing agents is less clear. It is hoped that further advances and multidisciplinary approaches currently under study will result in improved patient outcomes. Key Words: Brain metastases, brain metastasis chemotherapy, brain metastasis radiotherapy, metastatic brain tumor, brain neoplasm.
INTRODUCTION
Brain metastases are the most common intracranial tumor in adults; the current incidence is estimated to be more than 200,000 cases annually in the United States. In patients with systemic malignancies, brain metastases occur in 10% to 30% of adults and in 6% to 10% of children. Autopsy studies reveal intracranial metastasis in approximately 25% of patients who die of cancer. [1] [2] [3] [4] [5] [6] Most brain metastases originate from one of three primary malignancies: lung cancer (40% to 50%), breast cancer (15% to 25%), and melanoma (5% to 20%).
Lung cancer, which is the primary tumor most often associated with brain metastasis, accounts for approximately one half of all patients diagnosed with brain metastases in the United States each year. Although nonsmall cell lung cancer accounts for most of this estimate, patients with small cell lung cancer are at particularly high risk of CNS metastasis, approaching 80%. 7 Breast cancer, the second most common tumor associated with brain metastases, is notable for the risk of late CNS metastases appearing years after the initial diagnosis. Risk factors for brain metastases in the breast cancer population include young age, negative estrogen receptors, premenopausal status, infiltrating ductal carcinoma histology, BRCA1 mutation, altered p53 and positive lymph nodes. The use of trastuzumab appears to be associated with an increased risk of brain metastases as the first site of progressive disease; estimates of increased risk are complicated by the fact that HER-2 positivity is itself a risk factor for developing brain metastases. 8 However, approximately one third of women receiving trastuzumab for metastatic breast cancer develop CNS metastases. 8 -10 Brain metastases from melanoma are the third most common cause of brain metastases. Less commonly, other primary tumors are responsible, such as colorectal cancers, germ cell tumors, non-Hodgkin lymphoma, and ovarian and kidney cancers; however, carcinomas of the prostate, esophagus, and oropharynx and nonmelanoma skin cancers rarely metastasize to the brain.
The incidence of brain metastasis is thought to be increasing, although supporting evidence is limited. It is likely that improved therapies for systemic malignancy have resulted in prolonged survival, thereby increasing the risk for brain metastases in select patients. Furthermore, brain metastases present more often in the setting of well-controlled systemic disease and are therefore more likely to be treated than in the historic paradigm, wherein brain metastases develop in concert with multiorgan metastatic disease near the end of life. Finally, improved imaging and increased access to such imaging further increase the likelihood of discovering and diagnosing occult brain metastases, particularly in view of several new National Comprehensive Cancer Network (NCCN) guidelines recommending screening MRI prior to administration of agents such as bevacizumab.
Unfortunately, the diagnosis of brain metastasis continues to portend a poor prognosis for the vast majority of patients. Although some young patients with single metastases and controlled systemic disease may achieve a good outcome, most patients have an expected survival measured in months. Available therapies include surgery, radiotherapy, and chemotherapy; use of radiosensitizers and novel therapies are under active study.
MANAGEMENT
The management of brain metastases can be subdivided into symptomatic or therapeutic strategies. Symptomatic treatment includes steroids to decrease the vasogenic edema surrounding the tumor. Use of corticosteroids can result in rapid symptomatic and functional improvement, allowing a patient to tolerate aggressive antitumor therapy. When administering corticosteroids, caution must be exercised to minimize associated toxicity, particularly steroid-induced diabetes mellitus and Pneumocystis carinii pneumonia. Anticonvulsants should be used only in patients who have had a seizure. No evidence supports seizure prophylaxis in patients with brain tumors and no history of seizures, regardless of neoplastic type. 11 Furthermore, anticonvulsants metabolized by the CYP3A4 pathway (including phenytoin, carbamazepine, and phenobarbital) can have significant drug interactions with various chemotherapeutic agents, negating the efficacy of active chemotherapy and should be avoided if possible.
Therapeutic management of patients with brain metastases includes whole-brain radiotherapy (WBRT), stereotactic radiosurgery (SRS), surgery, and chemotherapy (FIG. 1) . To select the appropriate therapy, the physician must consider the extent of the systemic disease and the brain metastasis, including the number of brain metastases, their size, location, and histology, and the patient's age and performance status. Available evidence suggests that survival is longer and quality of life is better if brain metastases are treated aggressively.
RADIATION THERAPY

Whole-brain radiation therapy
Whole-brain radiation therapy (WBRT), historically the standard of care for brain metastases, remains the most frequently used treatment modality. In particular, WBRT is indicated in patients with multiple metastases (Ͼ3), in patients with one to three metastases that are too large for radiosurgery, or for patients who had prior surgery or radiation with progression of disease. Use of WBRT after surgery or radiosurgery of a single brain metastasis has been definitively shown to improve local tumor control. 12, 13 Metastases from the breast or lung are more likely to respond clinically and radiographically to WBRT.
14 Radioresistant tumors such as melanoma 15 and colon 16 and renal 17 carcinoma are less likely to have a good response to WBRT.
Nonrandomized studies suggest that WBRT increases the median survival time by 3 to 4 months. 18 Patient survival is approximately 1 month without any treatment and 2 months with corticosteroids alone. The median survival after WBRT varies from 2.3 months to 13.5 months, depending on prognostic factors. 19 A threetiered prognostic scoring system is frequently used in patients treated with WBRT. This was derived from the Radiation Therapy Oncology Group (RTOG) database using recursive partitioning analysis (RPA) and has been validated in multiple consecutive studies (Table 1 20 ). Of the several fractionation schedules used in the treatment of brain metastases, 30 Gy delivered in 10 fractions is the most common. 21 Dose escalation beyond 30 Gy does not increase the survival or local control in patients with multiple brain metastases. However, daily fractions of more than 3 Gy may increase the risk for neurotoxicity. 19 Initiation of corticosteroids 48 to 72 hours before the first dose of WBRT will minimize treatment-emergent side effects such as headache, nausea, and neurologic deterioration. A range of steroid doses can be used, depending on edema, location of the tumor, and clinical symptoms; steroid treatment should be tapered as tolerated after the radiation.
Numerous agents have been tested as potential radiosensitizers to try to improve the efficacy of WBRT, with limited success. The following radiosensitizers have been studied in randomized controlled trials: motexafin gadolinium, 22 RSR13 (efaproxiral), 23 celecoxib, 24 paclitaxel, 25 lonidamine, 26 metronidazole, 27 misonidazole, 28 and bromodeoxyuridine. 29 In a phase III trial, motexafin gadolinium (MGd) improved time to neurologic progression in all patients (median, 4.3 months for MGd vs 3.8 months for WBRT; p ϭ 0.018); in lung cancer patients, the time to neurologic progression was longer (median, 5.5 months for MGd vs 3.7 months for WBRT; p ϭ 0.025). The overall results did not, however, demonstrate significant differences by treatment arm for survival. 22 Results from another phase III trial suggested that addition of the noncytotoxic radiation sensitizer efaproxiral to WBRT improved response rates and survival in patients with breast cancer and brain metastases. 23 Additional studies are ongoing, and currently no radiosensitizing agent is approved for the treatment of brain metastases.
The cognitive effects of WBRT are often cited as a concern and as a potential reason to avoid or defer WBRT, particularly in patients with a single brain metastasis treated with surgical resection or stereotactic radiosurgery (SRS). The available data are limited. There is clear evidence that administration of WBRT immediately after SRS or surgical resection improves tumor control in the brain nearly three-fold. 13 Furthermore, studies of cognitive function after WBRT suggest that neurocognitive outcome is most strongly associated with tumor control in the brain. 18 Nonetheless, several studies reporting significant neurocognitive decline in long-term survivors after WBRT for brain metastases continue to influence some treatment decisions.
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Stereotactic radiosurgery
Stereotactic radiosurgery (SRS) delivers a relatively large single dose of three-dimensional radiation to a small intracranial target with great accuracy. The three most common delivery systems are the linear particle accelerator, the gamma knife, and the cyclotron, which make use of high-energy photons, gamma rays, and protons, respectively. Normally, SRS is reserved for patients with a single or two to three brain metastases, metastases less than 3 cm in maximum diameter, highly radioresistant tumors, and metastases inaccessible for surgical resection.
In selected patients with radioresistant tumors, such as melanoma, sarcoma and renal cell carcinoma, more than three metastatic lesions may be treated with SRS. Significant prognostic factors for survival in patients receiving SRS are Karnofsky performance status (KPS) of 70 or higher, no extracerebral disease, pretreatment neurological functional class, histology (renal cell and breast carcinomas), and dose to the planning target volume (20 Gy and higher). 32 One study demonstrated a local control rate of 85% for tumors less than 2 cm; this fell to 45% for tumors greater than 3 cm. 33 Large metastases and metastases associated with extensive edema can be difficult to control with radiosurgery because of a high risk of radiation necrosis or neurologic deterioration at biologically effective doses. 34 Two courses of SRS are rarely administered to the same site because of the risk of radionecrosis. In a retrospective analysis of 111 patients harboring 238 metastatic brain lesions, 19 of the 120 lesions treated with SRS alone (16%) and 26 of the 114 treated with WBRT plus SRS (23%) developed radiation necrosis. Of the lesions that received 20 Gy, 18 Gy, and 15 Gy treatment, 20%, 20%, and 12% developed radiation necrosis, respectively. 33 found that brain metastases treated with SRS to a dose of 24 Gy to the tumor margin had a significantly lower risk of local failure than 15 or 18 Gy (p ϭ 0.0005; hazard ratio HR ϭ 0.277, confidence interval CI ϭ 0.134 -0.573), whereas the 15-Gy and 18-Gy groups were not significantly different from each other (p ϭ 0.82). The 1-year local control rate was 85% (95% CI ϭ 78 -92) in tumors treated with 24 Gy, compared with 49% (95% CI ϭ 30 -68) in tumors treated with 18 Gy and 45% (95% CI ϭ 23-67) in tumors treated with 15 Gy. 33 The addition of WBRT to SRS may result in improved local and CNS control rates (Table 2) . Although there is no evidence of a survival advantage for patients with one to four metastases undergoing SRS or SRS plus WBRT, there is evidence that, in RPA class 1 and class 2 patients with one to three metastases, SRS plus WBRT is associated with improved local tumor control and improved KPS score, compared with WBRT alone. Furthermore, there is evidence that in patients with a single metastasis treated with SRS, the addition of WBRT results in improved survival. In RPA class 1 and class 2 patients with one to four metastases, SRS plus WBRT is associated with improved tumor control.
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SURGERY
Surgery can serve multiple purposes in a patient with brain metastases. Obtaining tissue for diagnostic purposes is critical in a patient who presents with an apparent brain metastasis and no known systemic malignancy or accessible systemic tumor for biopsy. Patients with a known primary malignancy who have been in a sustained remission or have a histology with a low likelihood for CNS metastases are at risk of a new primary tumor and should also be referred to a neurosurgeon to obtain histologic confirmation prior to initiation of definitive therapy.
Surgery can also serve as a valuable therapeutic modality in the management of brain metastases. In particular, patients with large single lesions may derive immediate neurologic improvement in function, and adjuvant therapy is more likely to be effective in patients with minimal tumor burden. Prolonged survival is observed in a proportion of patients after surgical resection, with one series reporting a median survival of 2 years and 22% of patients alive at 4 years. 37 Several prospective studies have clearly demonstrated that patients with a single metastasis and good prognostic features benefit from surgery followed by WBRT (Table 2) . 38 -42 Surgery can also be used as a delivery method for other therapies. Implantation of radioactive seeds (i.e., brachytherapy) has been used for treating brain metastases both initially and at recurrence. A high rate of local tumor control can be achieved by brachytherapy, with a low risk of radiation-induced morbidity. Currently, the use of brachytherapy is largely reserved for tumors that have recurred despite prior focal irradiation and those that are too large (between 2 and 5 cm in greatest diameter) for safe treatment with SRS. Excellent local control has been achieved using permanent iodine-125 brachytherapy for brain metastasis resection cavities-although there is a high risk of radiation necrosis over time. 43 The addition of local chemotherapy delivered via carmustine polymer wafers to a regimen of surgical resection and external beam radiotherapy was well tolerated by patients undergoing surgery for a single brain metastasis.
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CHEMOTHERAPY
The role of chemotherapy in the management of brain metastases is fairly limited at present. Brain metastases are relatively chemoresistant and often develop after use of the most effective chemotherapeutic agents in a given patient. Furthermore, delivery of adequate doses can be challenging because of the blood-brain barrier and because of interactions with concomitant medications. Finally, the tumor clone that metastasizes to the CNS may have molecular and genotypic alterations that render brain metastases more resistant. Despite these limitations, a number of drugs have been studied or reported with some success, most often in patients with recurrent brain metastases after standard therapy (Table 3 [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] ).
The most appropriate use of chemotherapy is to try to salvage a patient with recurrent or progressive brain metastases after standard therapy. In select patients with asymptomatic brain metastases at diagnosis, it may be reasonable to administer systemic chemotherapy prior to definitive brain therapy, to control symptomatic systemic disease. No specific recommendation can be made with regard to selecting a particular chemotherapeutic agent; consideration should be given to the most effective agent for a particular histology and to the ability of this agent to penetrate the blood-brain barrier. In addition, there is an increasing interest in developing clinical trials to test a variety of novel agents for patients with brain metastases.
CONCLUSIONS
Although the management of brain metastases remains challenging and often discouraging, a careful approach to optimizing management may result in substantial benefit to the patient, with prolonged survival or freedom from neurologic deterioration in select patients. A multidisciplinary assessment including medical and neuro-oncology, radiation oncology, neurosurgery, and neurology is advised for developing an integrated approach. Referral to appropriate clinical trials may enhance care and advance treatment options for this difficult disease. CAF ϭ cyclophosphamide-adriamycin-5-fluorouracil; CFP ϭ cyclophosphamide-5-fluorouracil-prednisone; CMF ϭ cyclophosphamidemethotrexate-5-fluorouracil; CR ϭ complete response; IL ϭ interleukin; INF ϭ interferon; MV ϭ methotrexate and vincristine; MVP ϭ methotrexate-vincristine-platinum compound; SD ϭ stable disease; WBRT ϭ whole-brain radiation therapy. *Median overall survival was 39.5 mo for patients with complete response and 10.5 mo for patients with partial response.
